Raman scattering in the chalcopyrite quaternary alloy Ag x Cu 1-x GaS 2 has been studied under high pressure (up to 7 GPa) and at low temperature (50 K) using a diamond anvil high pressure cell for alloy concentrations x=1, 0.75, 0.5, 0.25 and 0. This has allowed us to determine the dependence of their zone-center phonon modes on both pressure and alloy concentration. The resultant phonon pressure coefficients are helpful in understanding the nature of the phonon modes in these chalcopyrites. PACS:78.55.Hx; 78.20.Hp Substance Classification: S8.12 ___________________________________ (a) email: PYYU@LBL.GOV; fax: 510-643-8497. 2 The vibrational modes of semiconductors with the chalcopyrite structure and formula I-III-VI 2 , such as CuGaS 2 and AgGaS 2 , have been investigated extensively by both Raman scattering and infrared absorption [1] [2] [3] [4] [5] . In particular, the pressure dependence of the zone-center optical phonon modes in CuGaS 2 and AgGaS 2 at room temperature have been reported [3, 6] .
The vibrational modes of semiconductors with the chalcopyrite structure and formula I-III-VI 2 , such as CuGaS 2 and AgGaS 2 , have been investigated extensively by both Raman scattering and infrared absorption [1] [2] [3] [4] [5] . In particular, the pressure dependence of the zone-center optical phonon modes in CuGaS 2 and AgGaS 2 at room temperature have been reported [3, 6] .
More recently, alloys of these semiconductors have attracted attention as important materials for solar cells [7, 8] . The alloy system Ag x Cu 1-x GaS 2 is interesting because its band gap exhibits a rather large bowing parameter and can be tuned over a range of 350 meV by varying the amount of Ag. The optical and vibrational properties of these alloys have recently been studied by us as a function of alloy concentration [5] . In this paper we report a study of the effect of high pressure on the Raman modes in these alloys. From the pressure coefficients of the Raman modes we have obtained insights into the nature of the zone-center optical modes in these compounds. In AgGaS 2 we have observed the splitting of some phonon peaks and the appearance of new peaks above 4.4
GPa as a result of a structural phase transition. This phase transition pressure is shifted to higher values in the alloys. Unlike the band gap the pressure coefficients of the phonon modes are found to have relatively small dependence on alloy concentration.
Our Ag x Cu 1-x GaS 2 (to be abbreviated as ACGS) samples, where x varies between 0 and 1 in steps of 0.25, were grown with the horizontal Bridgman technique. The details of the sample growth and preparation processes have been presented elsewhere and therefore will not be repeated here [5] . High pressure optical measurements were performed inside a gasketed diamond anvil cell (DAC) using a mixture of methanol/ethanol as the pressure medium. The pressure was determined by the standard ruby fluorescence technique. The DAC was cooled to 50K with a closed-cycle refrigerator. The Raman measurements were performed in a backscattering geometry using the 514.5 and 488.8 nm lines of an Ar ion laser. The unpolarized Raman signal was analyzed with a double Raman spectrometer equipped with a photon counting system. The pressure dependence of the room temperature Raman modes in both AgGaS 2 and CuGaS 2 were reported by Carlone et al. [3] . Our low temperature results are, in general, in good agreement with their results. Figure 1 summarizes the pressure dependence of the Raman modes in AgGaS 2 . The identifications of the observed Raman modes in Fig. 1 are based on those proposed by Carlone et al. [3] .The existence of a structural phase transition around 4.4 GPa is evident from a splitting of the mode labeled as D and the appearance of a new peak C. The relation between these Raman features and the structural phase transition is still unknown. A similar structural phase transition was reported by Carlone et al. [3] in CuGaS 2 at the higher pressure of 16.5 GPa. This transition is beyond the lower pressure range of the present experiment.
We found evidence of a phase transition also in the alloy Ag 0.5 Cu 0.5 GaS 2 . The pressure dependent Raman spectra in this sample are shown in Fig. 2 . The Raman frequencies of the observed modes are plotted as a function of pressure in Fig. 3 . We note first that most of the Raman modes in the ACGS alloys are strongly broadened [5] . The exception is the totally symmetric Γ 1 peak which can be observed throughout the entire range of alloy concentrations. In the alloy Ag 0.5 Cu 0.5 GaS 2 we also found strong variations in the Raman intensity as result of resonance effects. The band gap of Ag 0.5 Cu 0.5 GaS 2 at low temperature is around 2.45 eV. A pressure of around 2.2 GPa will increase its energy gap to ~2.53 eV which is almost in resonance with the 488.8 nm laser line [9] . This explains why three broad features in the alloy Raman spectrum in Fig. 2 become enhanced enough at 2.2 GPa to become comparable in intensity to the Γ 1 peak. A structure with this typical behavior is the one we have labeled A in Fig. 2 and centered below the Γ 1 peak at a frequency of ~260 cm -1 . These peaks become weaker at higher pressures until they become unobservable at 7.3 GPa. A peak (labeled B in Fig. 2 ) with a completely different pressure dependence appears in the 6.0 GPa spectrum. The strength of this peak grows with pressure and becomes almost as strong as the dominant Γ 1 peak at 7.3 GPa. The pressure dependence of this peak B is rather similar to that of the peak C in Fig. 1 It is worthwhile noting that the only Raman peak which remains unbroadened by alloying is the totally symmetric Γ 1 mode. Both its frequency and α increase monotonically from AgGaS 2 to CuGaS 2 . The alloy dependence of this mode can be truly classified as a "one-mode" behavior [12] as in the zincblende-type alloy InGaAs.
In conclusion, we have studied the pressure dependence of the Raman modes in the chalcopyrite alloys of Ag x Cu 1-x GaS 2 . We have found evidence of a phase transition in the alloy Ag 0.5 Cu 0.5 GaS 2 . The pressure dependence of the Raman modes in the alloys supports the proposal that the highest frequency modes in both AgGaS 2 and CuGaS 2 involve mostly motion of the sulfur atoms and, therefore, are not sensitive to alloying of the group I cations. 
